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Abstract Histopathological studies have suggested that
early revascularization for acute myocardial infarction
(MI) limits the size, transmural extent, and homogeneity of
myocardial necrosis. However, the long-term effect of
early revascularization on infarct tissue characteristics is
largely unknown. Cardiovascular magnetic resonance
(CMR) imaging with contrast enhancement (CE) allows
non-invasive examination of infarct tissue characteristics
and left ventricular (LV) dimensions and function in one
examination. A total of 69 patients, referred for cardiac
evaluation for various clinical reasons, were examined with
CE-CMR >1 month (median 6, range 1-213) post-acute
MI. We compared patients with (n = 33) versus without
(n = 36) successful early revascularization for acute MI.
Cine-CMR measurements included the LV end-diastolic
and end-systolic volumes (ESV), LV ejection fraction
(LVEF, %), and wall motion score index (WMSI). CE
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images were analyzed for core, peri, and total infarct size
(%), and for the number of transmural segments. In our
population, patients with successful early revascularization
had better LVEFs (46 £ 16 vs. 34 £+ 14%; P < 0.01),
superior WMSIs (0.53, range 0.00-2.29 vs. 1.42, range
0.00-2.59; P < 0.01), and smaller ESVs (121 £ 70 vs.
166 £+ 82; P = 0.02). However, there was no difference in
core (9 = 6 vs. 11 & 6%), peri (9 & 4 vs. 10 £ 4%), and
total infarct size (18 £ 9 vs. 21 &= 9%; P > 0.05 for all
comparisons); only transmural extent (P = 0.07) and
infarct age (P = 0.06) tended to be larger in patients
without early revascularization. CMR wall motion abnor-
malities are significantly better after revascularization;
these differences are particularly marked later after
infarction. The difference in scar size is more subtle and
does not reach significance in this study.

Keywords Cardiovascular magnetic resonance imaging -
Contrast enhancement - Myocardial infarction - Early
revascularization - Infarct tissue characterization

Abbreviations

MI Myocardial infarction

PCI Percutaneous coronary intervention
CMR Cardiovascular magnetic resonance
CE Contrast enhancement

ECG Electrocardiogram

EDV End-diastolic volume

ESV End-systolic volume

LVEF Left ventricular ejection fraction
EDWM End diastolic wall mass

WMSI  Wall motion score index

FWHM  Full width at half maximum

LAD Left anterior descending

RCA Right coronary artery
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LCX Left circumflex
EDWT  End diastolic wall thickness

Introduction

In the setting of an acute myocardial infarction (MI), early
revascularization within 6-12 h by means of primary per-
cutaneous coronary interventions (PCI) reduces the infarct
size and improves clinical outcome [1-4]. Postmortem
studies on infarcted hearts previously showed that necrosis
was uniform after permanent occlusion of the culprit cor-
onary artery, whereas some myocardium survived in the
necrotic region following early revascularization [5]. While
early revascularization may alter infarct morphology by
salvage of myocardial cells [6-8], a significant proportion
of patients still develops transmural myocardial necrosis
[9].

Cardiovascular magnetic resonance (CMR) imaging in
combination with the contrast enhancement (CE) technique
permits detailed non-invasive cardiac assessment of sur-
vivors of MI. This technique has the unique capability to
study myocardial tissue characteristics (size, heterogeneity,
and transmurality of necrosis) as well as the geometry and
function of the left ventricle [10]. However, to the best of
our knowledge, CE-CMR has not yet been used to assess
potential differences in tissue characteristics between
patients with versus without early revascularization for
acute ML

Therefore, in a consecutive series of patients with prior
MI in whom CE-CMR was performed for clinical reasons,
we compared data from patients with versus without early
revascularization for acute MI. Based on the findings of
previous histopathological studies, we hypothesized that in
patients with early revascularization, infarct areas may
be smaller, less homogeneous, and less transmural on
CE-CMR than in patients without early revascularization.

Methods
Patient population

We conducted this study between October 2007 and
January 2010 at Thoraxcentrum Twente in a consecutive
series of patients with prior MI who were referred for
cardiac evaluation for various clinical reasons [e.g., via-
bility and/or left ventricular (LV) function, residual
ischemia, and selection for implantable cardioverter defi-
brillator therapy]. Patients were included in the study if (1)
the MI occurred at least 1 month prior to CMR (according

to the definition of a healed MI) [11], (2) complete CE-
CMR data were obtained, and (3) a positive infarct pattern
of CE was found. To reduce the chance of having impaired
function of the LV that was not mainly due to the MI,
patients with CMP (i.e., idiopathic dilated, hyperthrophic)
or relevant concomitant disease (e.g., myocarditis, tachy-
cardiomyopathy) were excluded from this study.

The clinical charts, electrocardiograms (ECG), and
angiographies of included MI patients were carefully
examined to classify patients into two groups: patients with
versus without successful early revascularization. The early
revascularization group consisted of patients who under-
went successful (vessel patency and/or resolution of
ST-segment elevation and relief of symptoms) early
revascularization by means of PCI (in the revascularization
era) within 12 h after the start of symptoms [12]. Patients
without early revascularization fulfilled at least one of
these criteria: (1) (late) presentation of MI >12 h after the
onset of symptoms, (2) conservative treatment, or (3) a
failed revascularization procedure (narrowed culprit
artery).

CMR data acquisition

CMR examination was performed on a 1.5-T whole body
scanner (Achieva Scan, Philips Medical System, Best, The
Netherlands) using commercially available cardiac CMR
software. For signal reception a five-element cardiac syn-
ergy coil was used. ECG triggering was performed with a
vector-ECG setup. Subjects were examined in the supine
position. Morphological images in the multislice cardiac
short axis, four-chamber long axis, three-chamber, and
two-chamber long axis, and LV outflow tract views were
acquired by using fast field echo cine images (slice thick-
ness 8.0 mm, repetition time 3.4 ms; echo time 1.7 ms; flip
angle 60°; matrix 256 x 256). Papillary muscles were
regarded as part of the ventricular cavity. Myocardial scar
was assessed on CE multislice short- axis, long-axis, and
four-chamber views, obtained 10 min after intravenous
bolus injection of 0.2 mmol gadolinium/kg body weight
(Schering AG, Berlin, Germany). A three-dimensional
turbo field echo-inversion recovery T1-weighted sequence
was used with the following parameters: repetition time
4.0 ms; echo time 1.3 ms; flip angle 15°; inversion time
individually optimized to null myocardial signal (usually
between 180 and 250 ms); matrix 157; and slice thickness
10 mm.

CMR data analysis and definitions
CMR data were analyzed on a workstation using dedicated

software for cardiac analysis (Philips MR workspace,
Release 2.5.3.0 2007-12-03; Philips, The Netherlands).
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LV geometry and function

Left ventricular end-diastolic and end-systolic volumes
(EDV and ESV; ml), left ventricular ejection fraction
(LVEF; %), and end-diastolic wall mass (EDWM; g) were
calculated from contiguous short-axis loops by segmenta-
tion of endocardial and epicardial borders on each frame.
Papillary muscles were regarded as part of the ventricular
cavity. End-diastolic wall thickness (EDWT; mm) at the
infarcted wall area was measured quantitatively at the
center of the infarct region [13].

The LV wall regions were further divided into 17 seg-
ments according to a standardized myocardial segmenta-
tion model [14]. Wall motion of all 17 separate segments
was assigned the following scores: normal wall motion was
0, hypokinesia 1, severe hypokinesia 2, akinesia 3, and
dyskinesia 4. The wall motion score index (WMSI) was
calculated by dividing the sum of scores in each segment
by the total number of segments (17 segments). WMSI of 0
was considered as normal, 0—1 as moderate, 1-2 as poor,
and >2 as bad.

Infarct tissue characteristics

The infarcted myocardium was defined as the zone of
hyper-enhancement on the CE images, in contrast with the
dark-gray signal of the normal myocardium. Infarct size
was quantified by a semi-automatic thresholding technique
with the full width at half-maximum approach as previ-
ously validated to maximize accuracy and reproducibility
[15-17]. After outlining the myocardial segment contain-
ing the region with high signal intensity, the maximum
signal intensity region was determined. Scar was divided
into an infarct core zone and a heterogeneous zone (i.e.,
peri-infarct zone). The infarct core was then defined as
myocardium with a signal intensity >50% of the maximal
signal intensity. The heterogeneous zone was defined as
myocardium with a signal intensity between >35 and
<50% of the maximal signal intensity. Total scar was
defined as the sum of infarct core plus heterogeneous zone
[18]. By use of planimetry, the extent of CE was first
determined on contiguous short-axis images, then summed
up to a volume, and finally expressed as a percentage of the
total myocardial volume.

Scar tissue characteristics were further quantified
according to location by use of a 17 segmental model [14].
Each segment was scored as follows: a scar score of 0 was
considered as normal, 1 as 1-25% scar, 2 as 26-50% scar,
3 as 51-75% scar, and 4 as 76—100% scar of the segmental
area.

The segmental scar score was calculated by dividing the
sum of the individual segmental scores by the total number
of observed segments. The transmural extent of myocardial
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scar was defined as the number of segments with a scar
score 3 or 4. In addition, a segmental regional scar score
was calculated in order to relate scar size to the territories
of the three major coronary arteries as previously described
in detail [14].

Statistical analysis

Continuous variables had a normal distribution and were
expressed as mean =+ standard deviation (SD). Categorical
data were expressed as frequencies and percentages. To
compare patients with versus without early revasculariza-
tion, Student’s 7 test and Mann-Whitney U test were used to
compare continuous variables, and chi-square and Fisher’s
exact test were used to compare categorical variables.
P values <0.05 were considered statistically significant. A
post hoc analysis was accomplished in order to assess the
difference in infarct size characteristics that could be
detected with the available sample size, presented as
detectable alternatives. Linear regression was performed to
correct for confounding factors.

Results
Study patients

A total of 69 patients (59 £ 11 years old; 56 men) at a
median of 6 (range 1-213) months after acute MI were
examined in this study. Almost half of the patients
(n = 33, 48%) had undergone successful early revascu-
larization by means of PCI. The group of patients without
early revascularization (n = 36, 52%) consisted of patients
with subclinical MI (n = 12), late clinical presentation of
MI (n = 16), or failed revascularization therapy (n = 8).
All patients with early successful revascularization dem-
onstrated ST elevation on the ECG. In patients without
early revascularization, 11 patients demonstrated ST ele-
vation, and 25 patients had q waves on the ECG. Demo-
graphics and baseline characteristics did not differ between
groups, except for the prevalence of diabetes mellitus (9 vs.
26%; P =0.04) and diuretic usage (33 vs. 58%;
P = 0.02), which both presented more often in patients
without early revascularization. Infarct age did not signif-
icantly differ between subgroups (see also Table 1).

CMR results

CE-CMR was performed for viability and/or LV function
(n = 29), selection of implantable cardioverter defibrillator
therapy (n = 26), residual ischemia (n = 5), or other rea-
sons (n = 9). No significant difference (P = 0.56) between



Heart Vessels (2012) 27:250-257 253
Table 1 Patient characteristics
Overall study Early revascularization No early revascularization P
population (n = 69) (n = 33) (n = 36)
Male sex (n) 56 (81) 26 (79) 30 (83) 0.43
Age (years) 59 £ 11 58 £ 11 58 £ 11 0.53
Hypertension (1) 32 (46) 18 (55) 14 (39) 0.13
Diabetes (n) 12 (17) 2 (6) 10 (28) 0.02
Alcohol (n) 35 (51 19 (58) 16 (43) 0.40
Current smoking (n) 27 (39) 14 (42) 13 (36) 0.69
Medication
B-blocker () 55 (80) 26 (79) 29 (81) 0.52
ACE inhibitor (n) 39 (56) 16 (49) 23 (64) 0.12
Diuretic (n) 33 (48) 11 (33) 21 (58) 0.02
Statin (n) 66 (96) 32 (97) 34 (94) 0.53
Infarct location 0.56
Anterior () 27 (39) 14 (42) 13 (36)
Non-anterior (n) 30 (43) 16 (48) 14 (39)
Both (n) 12 (18) 3 (10) 9 (25)
Infarct age® (months) 6 (1-213) 5 (1-80) 11 (1-213) 0.06

Continuous data are expressed as mean =+ standard deviation or median with range if appropriate, and categorical data as frequencies and

percentage

* The group of patients without successful early revascularization comprised nine patients with silent MI. As a matter of course, median infarct

age was calculated from data of all but these nine patients

both subgroups according to clinical indication for CMR
was found.

LV geometry and function

In the early revascularization group, LVEF was signifi-
cantly higher (46 £ 16 vs. 34 £ 14%; P = <0.01), WMSI
was superior [0.53 (range 0.00-2.29) vs. 1.42 (range
0.00-2.59); P < 0.01], ESV was significantly smaller
(121 £ 70 vs. 166 £+ 82; P = 0.02), and EDWT at the
infarct center was larger (5.99 £ 2.98 vs. 4.40 + 2.27). In
addition, in patients with early revascularization, a trend
towards a lower LV EDV (210 +£ 61 vs. 24073; P = 0.07)
was found. All cine CMR data are presented in Table 2.
Because of the almost significant (P = 0.06) difference in
infarct age between both groups, we performed a linear
regression analysis to see if the difference in LV function
(i.e., LVEF and WMSI) remained significant after correc-
tion for infarct age. This resulted in a non-significant dif-
ference in LVEF of 6.5% (P = 0.13) and a significant
difference in WMSI of 0.38 (P = 0.04) between revascu-
larized and non-revascularized patients in favor of the
group with early successful revascularization.

Infarct tissue characteristics

There was no significant difference in the size of infarct core
(9 £ 6 vs. 11 £ 6%; P = 0.17; detectable alternative 4),

peri-infarct zone (9 + 4 vs. 10 & 4%; P = 0.34; detect-
able alternative 3), or total infarct area (18 =9 wvs.
21 £ 9%; P = 0.18; detectable alternative 6); addition-
ally, regional scar scores did not differ between groups.
Only the transmural extent of infarction tended to be
greater 1in patients without early revascularization
(2.18 £ 1.94 vs. 3.08 £ 2.08; P = 0.07). All CE-CMR
data are presented in Table 3 (Fig. 1).

Discussion

To the best of our knowledge, this is the first study to
evaluate infarct tissue characteristics in patients with ver-
sus without successful early revascularization for acute MI
using CE-CMR. The main findings of the present study in
patients with versus without successful early revasculari-
zation for acute MI were (1) that in this population infarct
tissue characteristics did not differ significantly between
groups (only transmural infarction tended to be smaller
after early revascularization), while (2) in the latter group
LV function (LVEF, WMSI) was significantly worse, and
the myocardium at infarct site and LV dimensions were
less preserved (i.e., more LV remodelling).

Both study groups showed no significant difference in
baseline characteristics except for a higher prevalence of
diabetics and a higher diuretic usage in the group of
patients without early revascularization. This may actually
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Table 2 Cine CMR results for patients with versus without early revascularization following MI

Overall study Early revascularization No early revascularization P
population (n = 69) (n = 33) (n = 36)
LV geometry and function
EDV (ml) 225 + 68 210 + 61 240 £ 73 0.07
ESV (ml) 145 £ 79 121 £ 70 166 £ 82 0.02
EDWM (g) 138 £ 35 133 £+ 33 143 £+ 36 0.23
LVEF (%) 40 + 16 46 + 16 34 £+ 14 <0.01
WMSI 1.09 (0.00-2.59) 0.53 (0.00-2.29) 1.42 (0.00-2.59) <0.01
EDWT infarct center (mm) 5.15+£2.72 5.99 4+ 2.98 4.40 + 2.27 0.02

Data are presented as mean £ SD or median with range if appropriate. Categorical data are presented as frequencies and percentages

EDV end diastolic volume, ESV end systolic volume, EDWM end diastolic wall mass, LVEF left ventricular ejection fraction, WMSI wall motion
score index, EDWT end diastolic wall thickness, PCI percutaneous coronary intervention

Table 3 CE-CMR results for patients with versus without early revascularization following MI

Overall study Early revascularization No early revascularization P
population (n = 69) (n = 33) (n = 36)
Infarct characteristics
Infarct size
Core (%) 10+ 6 946 11+6 0.17
Peri (%) 10+ 4 944 10 + 4 0.34
Total (%) 19+9 18+9 21 £ 8 0.18
Infarct location
LAD score 1.14 (0.14-3.00) 1.14 (0.14-2.57) 1.21 (0.14-3.00) 0.51
RCA score 1.40 (0.20-2.60) 1.20 (0.20-2.60) 1.40 (0.20-2.60) 0.43
LCX score 0.80 (0.20-2.40) 0.80 (0.20-2.40) 0.80 (0.20-2.20) 0.67
Transmural extent 2.61 + 1.99 2.18 + 1.94 3.08 + 2.08 0.07

Data are presented as mean £ SD or median and range. Categorical data are presented as frequencies and percentages

LAD left anterior descending, RCA right coronary artery, LCX left circumflex, PCI percutaneous coronary intervention

be expected as diabetics are known to have more silent MI
(50% in our population) without the chance to perform an
early revascularization therapy [19], and the use of
diuretics may imply severe heart failure, and thus reflect a
poor clinical condition caused by LV dysfunction, which
was significantly more represented in patients without early
revascularization.

Revascularization and infarct tissue characteristics

Previous histopathological postmortem studies assessing
hearts 0-9 days after acute MI found that permanent
occlusion of the culprit coronary artery resulted in a uni-
form transmural necrosis in the infarcted area, while after
early revascularization heterogeneously infarcted tissue
was observed [5, 7]. Previous clinical studies using various
non-invasive imaging modalities to evaluate the impact of
early revascularization on infarct tissue characteristics
reported conflicting results. Compared to our present data,

@ Springer

these studies were performed much earlier after an acute
MI. Using scintigraphy 10-14 days after the index MI,
Schomig et al. [20] found no significant relation between
time to revascularization and infarct size. However,
Schomig et al. [21] also found that following randomly
assigned invasive or conservative treatment of patients
with acute MI more than 12 h after symptom onset, inva-
sive treatment still reduced infarct size as determined by
scintigraphy. More recently, Francone et al. [1] assessed
the relation between CE-CMR-determined infarct size
versus time-to-revascularization 3 4+ 2 days after the index
MI. They found that revascularization <90 min after the
onset of symptoms was associated with a smaller infarct
size and a larger area of salvaged myocardium, whereas
revascularization >360 min after symptom onset was
associated with a larger infarct size and a very limited
myocardial salvage. In a chronic ischemic heart disease
population, Heidary et al. [22] also recently found no dif-
ference in infarct tissue characteristics between patients
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Fig. 1 CE-CMR results in a
patient with and a patient
without early revascularization.
a, b CE-CMR imaging short
axis and four-chamber view in
an early revascularized patient;
presence of transmural CE is
observed anteroseptally and
apically. ¢, d CE-CMR imaging
short axis view and four-
chamber view in a patient
without early revascularization;
presence of transmural CE is
observed anteroseptally and
apically

with medical management only versus patients with pre-
vious revascularizations.

Nevertheless, while in our specific study population no
significant difference in core, peri and total infarct size was
found, total infarct size was 14% smaller in revascularized
patients compared to non-revascularized patients (18 vs.
21%), which may actually be of clinical importance. In
addition, there was a strong but non-significant trend
towards less transmural extent of infarct tissue in favor of
early revascularized patients. This is in agreement with the
fact that successful early revascularization reduces in par-
ticular the transmural expansion of necrosis from the
endocardial to the epicardial myocardium.

Conversely, while ACE-inhibitor therapy was initially
allocated for higher risk subgroups patients (i.e., large
anterior MI) [23], our findings indirectly support recent
guidelines that recommend a broad application of ACE
inhibitors post-MI, not only restricted to high-risk patients
[12].

The results in our study population cannot be extrapo-
lated to an “all comers” population. First of all, patients
were only selected if there was a clinical indication for
performing CE-CMR imaging and if the MI had occurred
at least 1 month prior to CMR. In addition, our study
population represents a series of long-term survivors of MI.
The median infarct age in our study population was
6 months (range 1-213), whereas previous (histopatholo-
gical and clinical) studies investigated differences in infarct
tissue characteristics no more than half a month after the

PHILIPS

FHILIPS

index MI. In addition, previous histopathological studies
examined patients with fatal outcomes after very recent MI
only. Differences in study design and the inherent selection
bias may affect the likelihood of detecting differences in
infarct size. This may explain differences between the
results of the present study and previous histopathological
studies (in patients with lethal course of the disease) and
clinical studies in other types of patient populations.

During the process of infarct healing, which is generally
considered to occur within 1 month after the MI, infarct
tissue characteristics may change as a result of replacement
of necrotic tissue by scar tissue [11]. Further gradual
changes of infarct tissue may occur after this process of
infarct healing (i.e., >1 month after MI) in response to
residual myocardial ischemia, increased wall stress, arterial
hypertension, or medical therapy [24, 25].

Recent data from electro-anatomic mapping in long-
term survivors of MI (13 £ 9 years) suggested that infarct
tissue characteristics are different in patients with versus
without revascularization during the index MI [24], but
these data were obtained in a patient population with doc-
umented episodes of sustained monomorphic ventricular
tachycardia, which represents another significant selection
bias.

Revascularization and LV remodeling

Infarct size has been regarded as the primary determinant of
LV remodeling and is associated with an adverse LV
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function [26-28]. A scintigraphic study previously inves-
tigated the impact of early revascularization on LV
remodeling in patients 1 month after index MI; this study
showed a smaller infarct size, smaller LVEDV and LVESV,
and a higher LVEF following early revascularization [29].

In our present study, LV function (i.e., LVEF and
WMSI) was also significantly better after successful early
revascularization, and LV dimensions and wall thickness in
the infarct area tended to be more preserved, whereas
patients without early revascularization showed a greater
extent of remodeling late after the index MI. However,
between both groups we found no difference in infarct
tissue characteristics as determined with CE-CMR.

Our findings (based on available CE-CMR data of a
specific patient population referred for cardiac evaluation
for various clinical reasons) may suggest that the process of
remodeling >1 month post-MI—especially in patients
without early revascularization—is greatly determined by
mechanisms that go beyond the extent of infarct size.
Potential mechanisms involved may be pressure and vol-
ume overload hypertrophy, compensatory neurohormonal
mechanisms, and genetic mechanisms such as adapted gene
expression in the setting of heart failure [30, 31]. The
results of our regression analysis suggest that infarct age
should be taken into account when investigating LV
(dys)function in patients with previous ML

Our data underline the importance of investigating the
various mechanisms that are potentially involved in the
process of LV remodeling, both in basic research and in
clinical studies.

Limitations

As in most previous CE-CMR studies, the sample size was
relatively small. Our study population represents long-term
survivors of MI. Because of our study design, we cannot
exclude a certain bias towards patients with a more
favorable or fatal clinical course following MI. However,
notably, other studies on infarct tissue characteristics that
were histopathological studies had other significant selec-
tion biases, as they only examined patients following fatal
MI. A prospective study design therefore would be ideal to
investigate differences in infarct tissue characteristics in
patients with versus without successful early revasculari-
zation for acute MI using CE-CMR.

Conclusion
CMR wall motion abnormalities are significantly better
after revascularization; these differences are particularly

marked later after infarction. The difference in scar size is
more subtle and does not reach significance in this study.
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